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felOBJECTIVES The aim of this study was to perform hemodynamic mapping of the entire vessel using motorized
pullback of a pressure guidewire with continuous instantaneous wave-free ratio (iFR) measurement.
BACKGROUND Serial stenoses or diffuse vessel narrowing hamper pressure wire–guided management of coronary
stenoses. Characterization of functional relevance of individual stenoses or narrowed segments constitutes an unmet
need in ischemia-driven percutaneous revascularization.
METHODS The study was performed in 32 coronary arteries with tandem and/or diffusely diseased vessels. An
automated iFR physiological map, integrating pullback speed and physiological information, was built using dedicated
software to calculate physiological stenosis severity, length, and intensity (DiFR/mm). This map was used to predict
the best-case post–percutaneous coronary intervention (PCI) iFR (iFRexp) according to the stented location, and this was
compared with the observed iFR post-PCI (iFRobs).
RESULTS After successful PCI, the mean difference between iFRexp and iFRobs was small (mean difference:
0.016  0.004) with a strong relationship between DiFRexp and DiFRobs (r ¼ 0.97, p < 0.001). By identifying differing
iFR intensities, it was possible to identify functional stenosis length and quantify the contribution of each individual
stenosis or narrowed segment to overall vessel stenotic burden. Physiological lesion length was shorter than anatomic
length (12.6  1.5 vs. 23.3  1.3, p < 0.001), and targeting regions with the highest iFR intensity predicted signiﬁcant
improvement post-PCI (r ¼ 0.86, p < 0.001).
CONCLUSIONS iFR measurements during continuous resting pressure wire pullback provide a physiological map
of the entire coronary vessel. Before a PCI, the iFR pullback can predict the hemodynamic consequences of stenting
speciﬁc stenoses and thereby may facilitate the intervention and stenting strategy. (J Am Coll Cardiol Intv 2014;7:
1386–96) © 2014 by the American College of Cardiology Foundation. Open access under CC BY-NC-ND license.m the *Imperial College London, London, United Kingdom; yCardiovascular Institute, Hospital Clínico San Carlos, Madrid,
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AB BR EV I A T I O N S
AND ACRONYM S
iFR = instantaneous
wave-free ratio
PCI = percutaneous
coronary intervention
QCA = quantitative coronary
graphy
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1387C oronary physiological assessment is nowroutinely applied in the catheter laboratoryto guide percutaneous coronary interven-
tion (PCI) (1). Currently most physiological assess-
ment is performed in a binary manner to determine
whether a vessel requires intervention (2). Although
studies have reported the high diagnostic efﬁciency
of physiological assessment in minimizing the num-
ber of vessels requiring treatment, it is widely recog-
nized that interrogation of individual stenosis in the
presence of tandem lesions or diffuse disease under
hyperemic conditions makes PCI planning complex
and less practical (3).SEE PAGE 1397These difﬁculties arise due to relative hemody-
namic interdependence of stenoses under conditions
of hyperemia: hyperemic ﬂow through 1 stenosis is
limited by the presence of another stenosis and vice
versa. Because hyperemic ﬂow declines signiﬁcantly
whenever any 50% reduction in lumen diameter is
observed (4,5), then even mild secondary lesions can
affect hyperemic pressure-only indexes. Removing a
stenosis by intervention will increase hyperemic ﬂow,
which alters the signiﬁcance of secondary lesions.
Because the change in ﬂow can be unpredictable for a
given stenosis, predicting the hemodynamic impact
of removing a stenosis under hyperemia is difﬁcult
and not readily practical in the catheter lab.
In contrast, under resting conditions, ﬂow is
maintained at a constant and stable level until a
critical stenosis develops (4). Because resting ﬂow is
more constant, consistent, and predictable across
different stenoses, then resting pressure changes
measured along the length of a vessel will be more
predictable. Using this property of resting ﬂow should
allow the production of a physiological vessel map,
highlighting signiﬁcant lesions while also offering the
possibility of prospective simple computerized vir-
tual PCI to assess the potential hemodynamic impact
before actual stent implantation.
In this study, we use instantaneous wave-free ratio
(iFR), an index of stenosis severity that is measured at
rest using conventional pressure wires. iFR is calcu-
lated as the ratio of distal coronary pressure to
proximal aortic pressure over a speciﬁc period in
diastole known as the wave-free period (6–9). This
period of the cardiac cycle has the lowest and mostDr. Davies is a consultant for Volcano Corporation.; and co-inventor of iFR
interests in iFR Technology. Drs. Petraco, Sen, and Nijjer have received tra
thors have reported that they have no relationships relevant to the content
Manuscript received April 8, 2014; revised manuscript received June 15, 201stable resistance attainable under resting
conditions without administration of a vaso-
dilator drug. The concept of iFR was applied
to a resting pressure wire pullback to develop
an iFR pullback.
We hypothesize that by using motorized
pressure wire pullback, it would be possible
to produce a physiological map showing
lesion severity; the physiological map could be used
to perform virtual PCI and predict the physiological
impact of stenting in tandem and diffusely diseased
vessels; the physiological map could be used to
measure physiological lesion length and intensity.
METHODS
STUDY POPULATION. Patients with a clinical indica-
tion for elective PCI of a major native epicardial cor-
onary artery with $2 stenoses separated by a more
normal segment of 10 mm and/or those patients with
discrete stenoses with diffuse atheroma without a
clearly normal segment were prospectively enrolled
at the Imperial College Healthcare National Health
Service Trust. Patients with previous coronary artery
bypass grafting were excluded. All patients provided
written consent, and this study had ethical approval
from the local committees (NRES ref: 09/ H0712/102).
STUDY PROTOCOL. Coronary catheterization. Coro-
nary angiography and pressure wire assessments of
coronary stenoses were performed using conven-
tional approaches. Intracoronary nitrates (300 mg)
were administered in all cases before pressure wires
were introduced. Pressure wire normalization was
performed at the coronary ostia before each recording
before resting pressure wire pullback was performed.
The distal position of the pressure wire was docu-
mented ﬂuoroscopically. Angioplasty was performed
using second-generation drug-eluting stents, which
were all angiographically optimized. Post-angioplasty
measurements were made at same coronary location.
HEMODYNAMIC RECORDINGS. Pressure wire re-
cordings were made using either the 0.014-inch
pressure tipped wires (Prestige pressure guide wire
and Prestige guide wire PLUS, Volcano Corporation,
San Diego, California) or the pressure and Doppler
sensor-tipped wires (ComboWire XT, Volcano Cor-
poration). Digital hemodynamic data were extracted
angio. Drs. Davies and Mayet have intellectual property
vel support from Volcano Corporation. All other au-
s of this paper to disclose.
4, accepted June 19, 2014.
FIGURE 1 iFR Calculation
iFR is calculated as a ratio of distal coronary artery pressure (Pd) to proximal pressure (Pa)
over a speciﬁc period in diastole, referred to as the wave-free period, where resistance is at
its lowest point in the cardiac cycle and ﬂow is at its highest, with a linear relationship
between pressure and ﬂow. iFR can be measured using a single heart beat or averaged
across several beats. iFR ¼ instantaneous wave-free ratio.
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1388from data storage systems (ComboMap, Volcano
Corp.) and processed ofﬂine using a custom soft-
ware package with MATLAB (MathWorks, Natick,
Massachusetts).
PRESSURE WIRE PULLBACK. Pressure wire pullback
was performed at rest in a mechanized manner using
Volcano Pullback device R100. Pullback speed was
0.5 mm/s and continued until the pressure sensor
reached the left main stem ostium or right coronary
ostium. In 3 cases, the pullback recordings were
repeated because drift was noted when the wire was
returned to the ostium (4, 4, and 7 mm Hg). The
pressure traces were normalized, and measures were
repeated. During the pressure wire pullback, regular
ﬂuoroscopic recordings of the wire position were
made, together with time stamps linking the angio-
graphic and pressure wire systems. This was used to
coregister the pressure wire data with the angio-
graphic location during the ofﬂine analysis.
iFR PULLBACK ANALYSIS. iFR pullback analysis was
performed ofﬂine using customized iFR pullback
MATLAB environment (MathWorks). iFR is calculated
using pressure-only, electrocardiography-triggered
algorithms to identify the diastolic wave-free period
as described in the ADVISE (Adenosine Independent
Stenosis Evaluation) studies (6,10,11) and externally
tested in the RESOLVE (Multicenter Core Laboratory
Comparison of the Instantaneous Wave-Free Ratio
and Resting Pd/Pa with Fractional Flow Reserve)
study (12). iFR and the iFR gradient was automaticallycalculated for every heartbeat during the pullback
(Figure 1, Equations 1 and 2). This is used to generate a
physiological map of the vessel (Figure 2). The change
or decrease in iFR for every millimeter of the vessel
was calculated, allowing assessment of intensity of
iFR change (iFR intensity, iFR/mm, Equation 3).
These data can be plotted, aligned, and overlaid onto
the angiogram using the time-stamp data recorded
during the pullback.
iFR ¼ distal coronary pressurewave-free period
proximal coronary pressurewave-free period
Equation 1
iFR gradient ¼
proximal coronary pressurewavefree period
 distal coronary pressurewavefree period
Equation 2
iFR intensity ¼ decline in iFR
length
Equation 3
Using a ﬁxed-pullback speed allowed calculation
of the length of physiologically determined lesions.
Where stenoses are longitudinally displaced by
$4 mm (as detected by no change in pressure loss),
the automated algorithms treat these as separate
lesions. This allowed automated detection of indi-
vidual stenoses with measurements of physiological
length. Whether disease was predominantly focal or
diffuse could be visualized in the plot of iFR intensity
(Figure 3).
VIRTUAL PCI ANALYSIS. Once the iFR physiological
map was created, computer-aided simulations were
performed to simulate the hemodynamic effect of
removing a stenosis. The customized software was
used to perform virtual PCI by which stenoses were
manually selected for removal once identiﬁed on the
physiological map. The algorithms automatically
calculate a post-PCI iFR value that would be expected
if that stenosis was removed by intervention (iFRexp).
In diffusely diseased vessels, in which the wire posi-
tion is important, the expected iFR result would be
valid for further measurements taken at the same
location post-PCI. The iFRexp represents a best-case
PCI scenario because the algorithms assume an ana-
tomically perfect PCI result. The virtual PCI approach
allows assessment of the relative merit of different
angioplasty approaches in terms of physiological
outcome (Figure 3). Using this technology, 2 distinct
experimentswere performed. First, the virtual PCI was
performed with a view to replicate the anatomic PCI
performed in the real world in the patients by inte-
grating the iFR pullback onto the coronary angiogram.
The purpose was to generate an iFRexp from the iFR
FIGURE 2 iFR Pullback Can Identify Lesions, Measure Length, and Integrate With Coronary Angiography
(A) An iFR pullback (top, iFR plotted along the length of wire movement), iFR gradient (middle, the transtenotic pressure gradient measured
over the wave-free period in diastole over which the iFR is calculated), and the change in iFR per millimeter moved by the pressure wire
(bottom, this also demonstrates the physiological length of the identiﬁed lesions). (B) iFR intensity (DiFR/mm) or pressure loss superimposed
on the coronary angiogram. Areas of intense pressure loss are marked with a red circle. The greater the number, the greater the pressure loss
per millimeter observed at that location. This case shows a diffusely diseased left anterior descending artery with 2 distinct focal lesions that
cause the majority of pressure loss; a proximal short lesion causing a 0.07-iFR unit drop and another 11-m lesion causing 0.05-iFR unit drop.
iFR ¼ instantaneous wave-free ratio.
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1389pullback and compare this with the iFRobs to assess
the predictive capability of iFR pullback.
The second experiment performed new virtual PCI
on the iFR pullback to only the areas of highest iFR
intensity loss with the aim to achieve the same iFRexp
as the iFRobs. In this separate experiment, the mea-
sure of interest was the length of the virtual stent
with the aim to compare this with anatomic stenosis
length and real-world stent length. In this experi-
ment, the virtual stent length was equivalent to the
physiological length of the lesion.
ANATOMIC LESION MEASUREMENT. Lesion length
and severity were measured using quantitative coro-
nary angiography (QCA) (McKesson Corporation, San
Francisco, California) using the contrast-ﬁlled cath-
eter for calibration. Lesion lengths were measured 3
times in a blinded fashion by trained QCA operators.
Lengths were then averaged.DATA ANALYSIS. Statistical analysis was performed
usingMATLAB (MathWorks Inc.) and STATA version 11
(StataCorp, College Station, Texas). Data are pre-
sented as counts (percentages) for categorical vari-
ables and numbers for continuous variables. Mean
values are expressed as mean  SEM. The means
were compared using paired t tests. Continuous
agreement between iFRobs and iFRexp was analyzed
using the Bland-Altman method. Linear regression
analyses were used to investigate the proportion of
iFRobs variance predicted by iFRexp. A p value <0.05
(2-sided) was considered signiﬁcant.
RESULTS
STUDY DEMOGRAPHICS. A total of 32 coronary ar-
teries in 29 patients (69% male, 64  9 years of age)
undergoing elective coronary intervention were pro-
spectively assessed. Only disease deemed stable was
FIGURE 3 iFR Pullback Can Predict the Outcome of PCI
Schematic representation of work ﬂow and interpretation of iFR pullback data. Focal discrete disease can be distinguished from diffuse disease and individual physi-
ological lesions identiﬁed (A). These can be virtually removed by selecting regions of interest (B). The pullback will calculate the expected post-PCI iFR if that area
is treated by stenting and demonstrate a predicted pullback result. This corresponds closely to the observed result. iFR ¼ instantaneous wave-free ratio; LAD ¼ left
anterior descending artery; PCI ¼ percutaneous coronary intervention.
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1390assessed. Patient demographics are shown in Table 1.
The mean diameter stenosis of the region stented
based on angiographic ﬁndings was 59  14% by
formal QCA; mean lesion length by QCA was 23.3 
1.3 mm. The mean vessel iFR pre-PCI was 0.79  0.03.
iFR PULLBACK FEASIBILITY. Motorized iFR pullback
was feasible in all vessels, creating an iFR physio-
logical map for the entire length of each vessel,
plotting the iFR and iFR gradient over the pressure
wire pullback, together with the change in iFR in-
tensity (Figure 2). This enables detection of locationsand lengths of greatest pressure loss, which repre-
sent the physiological lesion length (Figure 2). The
intensity of pressure loss is plotted as iFR units lost
per millimeter of vessel (iFR intensity, DiFR/mm).
This map could be integrated and overlaid on the
coronary angiogram to improve visualization of
areas of pressure loss and assess which lesions
contributed the greatest physiological impact on the
vessel. The physiological length of stenoses can be
measured, and the pattern of iFR intensity allows
recognition of focal or diffuse areas of pressure loss
(Figure 3).
TABLE 1 Patient Demographic Data
Patients 29
Age, yrs 64  9
Male 20 (69)
Diabetes 8 (28)
Smoker 11 (38)
Hypertension 22 (76)
Hyperlipidemia 24 (83)
Renal failure on dialysis 2 (7)
Previous MI 4 (14)
Impaired LV function EF <30% 1 (3)
Stable angina 27 (93)
Unstable angina 2 (7)
Single-vessel disease 17 (59)
Multivessel disease 12 (41)
Heart rate, beats/min 66  12
Systolic blood pressure, mm Hg 126  28
Diastolic blood pressure, mm Hg 67  12
Mean arterial pressure, mm Hg 82  16
Vessel pullbacks 32
Coronary vessel
Left anterior descending artery 20 (63)
Circumﬂex artery 7 (22)
Right coronary artery 5 (16)
Lesion characteristics
Lesion severity, QCA, % 59.00  14.00
Lesion length, QCA, mm 23.30  1.31
Values are n, n (%) or mean  SD.
EF ¼ ejection fraction; LV ¼ left ventricular; MI ¼ myocardial infarction;
QCA ¼ quantitative coronary angiography.
FIGURE 4 Bland-Altman Analysis of Post-coronary
Intervention iFR: iFR-Pullback Predicted iFR Versus
Observed Measured iFR
No large systematic bias is found when comparing predicted
versus observed measured iFR. Abbreviations as in Figures 1
and 3.
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1391iFR PULLBACK PREDICTION OF POST-PCI iFR
RESULT AND LENGTH OF STENT REQUIRED. For
each iFR pullback, the following 2 distinct assess-
ments were made. 1) A comparison of iFRexp and
iFRobs to assess the predictive capabilities of iFR
pullback. This was achieved by performing virtual
PCI on the iFR pullback in a manner that replicated
the real-world PCI performed in the patient. 2) An
assessment of physiological stenosis length. This was
done by performing virtual stenting speciﬁcally to
areas identiﬁed on the given pullback as being of
high iFR intensity loss for that vessel. The purpose
was to achieve the same physiological outcome as
observed in the real world; the length of virtual
stenting required to achieve that result could then be
compared with the real-world stent length.
MATCHED VIRTUAL PCI WITH REAL-WORLD PCI:
iFR PULLBACK PREDICTION OF POST-PCI iFR.
The iFR pullback predicted the mean expected iFR
post-PCI to be 0.94  0.01; the measured iFR post-PCI
was 0.93  0.01. The continuous agreement between
iFRexp and iFRobs is provided as a Bland-Altman plotin Figure 4. The latter revealed a small mean bias of
0.016  0.004 (mean  SD of the difference) without
proportional error or heteroscedasticity. iFR pullback
predicted the post-PCI iFR result within 2  1% error,
and there was a strong linear relationship between
the DiFRexp and DiFRobs (r ¼ 0.97, p < 0.001).
PHYSIOLOGICAL STENOSIS LENGTH. A hypothesis-
generating analysis was performed. Figure 5 de-
monstrates schematically the approach used. The
physiological lesion length was signiﬁcantly shorter
than the anatomic length determined by QCA (12.6 
1.5 mm vs. 23.3  1.3 mm, p < 0.001) and signiﬁcantly
shorter than the mean length of stent implanted
(27.5  2.3 mm, p < 0.001). Accordingly, stenting
the physiological length (i.e., areas of high iFR in-
tensity loss) was associated with the highest gain in
iFR after PCI (DiFRexp, r ¼ 0.86 and DiFRobs , r ¼ 0.80;
both p < 0.001).
This approach suggests that if only the physiolog-
ical length were stented, disregarding the anatomic
lesion length, then a maximal 54% reduction in
treatment length is theoretically possible, with a sig-
niﬁcant reduction in stent length deployed (14.3 
2.7 mm shorter, p < 0.001), while maintaining the
same physiological end result for the vessel.
THE GAIN IN iFR PER MILLIMETER OF STENT. Over-
all, after a real-world PCI, iFR values improved by
30  10% compared with pre-PCI values (0.78  0.03
vs. 0.93  0.01, p < 0.001). This represented a 1.1 
0.3% iFR gain per millimeter of stent deployed. If
only the physiologically most important stenosis
FIGURE 5 Planned Analysis of Lesion Lengths
Angiographic lesion lengths were compared with those derived from iFR pullback, using
2 distinct approaches. (Middle panel) The iFR pullback was matched to the anatomic
ﬁndings, and the anatomically chosen lesions were selected for virtual PCI to give a
predicted iFR value after intervention. (Bottom panel) The iFR pullback was assessed to
ﬁnd the least possible treatment required to achieve a post-PCI iFR value similar to that
achieved in the actual case. Abbreviations as in Figures 1 and 3.
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1392were treated, then the corresponding shorter stent
length meant a statistically signiﬁcant (p ¼ 0.005)
increase of 2.5  0.72% iFR gain per millimeter of
stent would have been achieved, representing a
2-fold gain in physiological beneﬁt per millimeter of
stent.
DISCUSSION
This proof-of-concept study demonstrates that iFR
pullback can be performed under resting conditions,
can predict the likely improvement in iFR by PCI, and
can measure the physiological length of a lesion. The
ﬁndings suggest that this tool may assist the planning
of coronary intervention.
iFR PULLBACK IS A FEASIBLE TECHNIQUE TO
PHYSIOLOGICALLY MAP THE CORONARY ARTERY.
Pressure wires distal to a single lesion can determine
the hemodynamic signiﬁcance of the lesion and
estimate the presence of inducible ischemia (13).
However, coronary disease is commonly tandem or
diffuse, and in such situations, it is less common forphysiological assessments to be used to directly guide
where coronary intervention is performed. Even when
used diligently before all PCIs, assessment in the
distal vessel frequently does not resolve decisions for
stent placement when multiple lesions are present or
in diffuse disease. With increasingly complex disease,
application of physiological assessments may help
interventional decision making.
This study demonstrates that iFR can be calculated
along the entire length of a coronary vessel in a fully
automated manner, permitting measurement of a
pressure gradient at any given location. Hemody-
namic information throughout the vessel can be used
to display the locations, severity, and length of re-
gions of pressure loss. The physiological lesion length
can be computed if the pullback speed is known.
Importantly for interventional planning, a prediction
of the hemodynamic impact of removing a given
stenosis can be made. In short, a physiological map of
the entire coronary vessel can be made to comple-
ment anatomic information gained from angiography
and/or intracoronary imaging.
iFR PULLBACK CAN MEASURE LESION LENGTH AND
PREDICT CHANGES BY STENTING. This study dem-
onstrates that iFR pullback can predict the post-
stenting iFR result with no evidence of systematic
physiological bias; the difference between the pre-
dicted and observed improvement iFR after PCI
is <5%. This may enable pre-procedural planning,
allowing operators to estimate the likely improve-
ment in treating different stenoses before a PCI.
Identifying lesions most likely to lead to an
improvement in coronary physiology and deferring
those of lesser importance could assist lesion selec-
tion in the presence of multiple lesions. This may be
valuable when some lesions are considered to have
higher procedural risk than others.
One of the important questions is distinguishing
focal disease that may beneﬁt from stenting from
diffuse disease that may beneﬁt little. In this way, by
using an iFR pullback, we can distinguish focal from
diffuse disease, and we may reduce the length or
number of stents required in a vessel.
We performed a hypothesis-generating analysis to
assess the physiological length of stenoses. Our
ﬁndings suggest that physiological lesion length is
typically shorter than angiographic lesion length.
This in keeping with many studies that show that
physiological assessment offers information different
from that of anatomic assessments. This information
generates hypotheses that application of physiological
length could lead to shorter stent implantations.
However, because all stenting outcomes are based on
FIGURE 6 iFR Pullback Can Be Performed Manually and Can Predict the Effect of PCI
Diffuse disease in the LAD (A) was investigated by performing a manual iFR pullback: the pressure wire was pulled from distal to ostium over 30 s manually at rest (B).
The iFR changes are calculated from the raw pressure trace (B). For a comparison, the resting Pd/Pa ratio pullback calculated from the same trace and a hyperemic FFR
pullback taken from a pullback during adenosine infusion are also shown. Using iFR or FFR, it is possible to identify clear steps up corresponding to individual coronary
stenoses (shown as numbered circles in A and B). Using resting Pd/Pa ratio, such stenosis demarcation is not possible. FFR ¼ fractional ﬂow reserve; other abbreviations
as in Figures 1 and 3.
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1393lengths chosen angiographically and with concerns
of geographic miss, then considerable caution is
required in the application of this information.
Practically, stenting is typically performed normal
to normal, which limits geographic miss, stent
oversizing, and strut malapposition. Nonetheless,
physiological length may provide complementary
information for interventionalists.
A further application of this approach may be
to assist surgical revascularization: identiﬁcation of
where a bypass graft can be placed in a diffusely
diseased vessel may help to maximize the hemody-
namic beneﬁt.
HOW iFR CAN PREDICT THE OUTCOME OF PCI.
The coronary circulation has evolved for auto-
regulatory systems to make small constant changes to
microcirculatory resistance to maintain stable basal
ﬂow, even in the presence of a severe stenosis up to
90% (4,5,14). Therefore, every stenosis within a
vessel is exposed to a similar ﬂow velocity at rest.
Because PCI for an intermediate to severe stenosis
causes a comparatively smaller change in resting ﬂow
(15,16), any remaining residual disease should main-
tain a pressure-ﬂow velocity relationship that is very
similar to that present before the intervention. Thismakes prediction of post-PCI pressure changes more
feasible.
In contrast, in hyperemia, ﬂow decreases rapidly in
the presence of stenoses >50% and consequently in-
creases signiﬁcantly after removing a stenosis (17).
Although rarely problematic when assessing focal or
solitary lesions, it is widely recognized as a limitation
for assessment of serial or tandem stenoses, where
the hyperemic interaction between stenoses means
the severity of a given stenosis is not constant, spe-
ciﬁc, or independent of other stenoses and cannot be
made by simple interrogation (18). Large increases in
hyperemic ﬂow after PCI (16) will contribute to a
greater decrease in pressure across the remaining
stenoses. Therefore, prediction of how hyperemic
pressure ratios will change post-PCI is difﬁcult. A
complex mathematical formula and wedge occlusion
can be used to approach this problem (19) but are
rarely applied in clinical practice. A useful compro-
mise is to perform a hyperemic pullback that suggests
where the gradient is greatest (3). However, it re-
mains a limitation that the interventionalist must
commit to balloon dilation of at least 1 lesion before
repeating that pullback as the values will have
changed and the outcome of removing 1 stenosis on
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that prolonged infusions of adenosine can have un-
expected consequences with changing pressure ra-
tios, which may go unnoticed during a pullback and
affect its interpretation (20–23).
The stability of resting ﬂow overcomes many of
these fundamental physiological difﬁculties posed
by hyperemic ﬂow, but the ﬂow velocity must be of
sufﬁcient magnitude to detect pressure gradients.
By measuring transstenotic pressure gradients over
a speciﬁc period in diastole, ﬂow during the iFR
wave-free window is on average a third higher than
that seen over the entire cycle (7). This is particu-
larly important when looking for small incremental
changes or steps in pressure over the entire lesion
length.
Because a physiological map of the coronary vessel
can be generated, it is also possible to predict the
hemodynamic outcome of intervention to a speciﬁed
location. This assumes that no residual gradient is
present across the stent after PCI, and, as such, the
resulting predicted iFR should be the highest ex-
pected with optimal PCI results.
FUTURE DEVELOPMENTS: COREGISTRATION AND
MANUAL PULLBACK. In this study, a motorized
pressure wire pullback was used to provide a distance
coordinate corresponding to each iFR measurement
and allow precise recording of distance and length.
The use of a mechanical device is common in intra-
vascular imaging, but manual pullbacks can be pref-
erable. Because the iFR calculation can be performed
beat by beat (Figure 1), manual pullbacks over 20 to
30 s are possible (Figure 6) and yield lesion identiﬁ-
cation similar to that of the motorized pullback.
Currently, manual pullback means that measurements
of distance cannot be made. However, this is likely to
be short-lived, as the advent of live angiographic
coregistration means that it is now possible to track
the position of an intracoronary device as it is moved.
Such systems are already used for integrating intra-
vascular ultrasound images directly with angiography
(24). By using coregistration systems in a similar
manner to track the position of a pressure wire along
the course of the vessel rather than an intravascular
ultrasound catheter, it will be possible to perform a
manual pressure wire pullback while simultaneously
attaining a distance coordinate from coregistration.
This will remove the need for motorized pullback but
provide similar quantiﬁable information.
STUDY LIMITATIONS. iFR remains a novel technol-
ogy that offers an alternative to stenosis assessment
using hyperemia. Classiﬁcation match with fractional
ﬂow reserve, a hyperemic pressure-only index, isgood but is not expected to be absolute because
fractional ﬂow reserve classiﬁcation itself can differ
when the index is close to its binary cutoff point
(10,25). Studies such as the CLARIFY (Classiﬁcation
Accuracy of Pressure-Only Ratios Against Indices
Using Flow Study) (7) and comparisons with positron
emission tomography (26) have shown that it is
possible in certain circumstances to reduce the iFR
value with administration of vasodilator drugs. Pre-
viously this may have been considered a limitation of
a baseline index; however, 5 recent studies (26–30)
demonstrated that iFR has sufﬁcient sensitivity to
not differ in diagnostic ability compared with FFR or
iFR with vasodilators such as adenosine. This chal-
lenges the need for maximal hyperemia during ste-
nosis assessment.
This study should be interpreted as a proof of
concept. The physiological basis underlying iFR
pullback is that resting ﬂow, on average, is main-
tained regardless of stenoses. However, when the
diameter of a stenosis is reduced by >90% (by formal
measurement rather than by eye), resting ﬂow is
signiﬁcantly diminished and thus may increase after
PCI. In practice, such stenoses are highly signiﬁcant
and are likely targets for PCI regardless of physio-
logical assessment. Even so, the increase in resting
ﬂow is typically severalfold less than that seen in
hyperemic ﬂow after PCI.
Although the physiological map can predict phys-
iological lesion length, this approach is novel and
should be viewed as hypothesis generating. Stenting
is typically performed from normal to normal seg-
ments on the angiogram, regardless of physiological
techniques used to determine the need for stenting.
As such, there are no data regarding the safety or
clinical outcomes of stenting according to physio-
logical length alone. Further prospective studies
would be worthwhile and necessary to explore this.
Not all lesions should be expected to have the stent
length reduced because in some cases, the predomi-
nant physiological lesion corresponded directly to
the anatomic lesion. Equally, many factors can mean
that the physiological length of the lesion and anat-
omy will not match perfectly, including 3-dimensional
lesions being mapped in 2 dimensions, subtle
changes in the vessel dimensions during the car-
diac cycle, and inherent variability in measuring
lesions regardless of the anatomic technique used.
These issues are not expected to signiﬁcantly
affect the ﬁnding that iFR pullback can estimate
the post-PCI iFR result that can be applied to
traditional stenting techniques.
Coregistration of physiological and angiographic
data currently require careful recording and use of
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1395time stamps to align the data. Great care was taken to
align the pressure wire data with the angiographic
data, but angiographic foreshortening can limit the
anatomic length measurements. Future work will use
state-of-the-art live coregistration, whereby the po-
sition of the pressure wire can be actively tracked by
the software. Biplane imaging may help in some
tortuous vessels.
This study was performed ofﬂine with a central-
ized analysis by experts familiar with the custom-
ized software, which may allow inadvertent bias.
This work does nonetheless demonstrate that lon-
gitudinal iFR measurement is feasible and can be
used to predict post-PCI iFR values. Future work
will assess the software in a live online environ-
ment, being used by clinicians in the catheter labo-
ratory, which will broaden the applicability of the
results. Further prospective, randomized studies are
also planned.CONCLUSIONS
iFR pullback is a feasible technique that can provide a
physiological map of the entire coronary vessel,
measure physiological stenosis length, and predict
the outcome of stenting in tandem or sequential
stenoses.
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